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Fast diffusion-dominated electron transfer between Azotohacter chroococcum 7Fe ferredoxin, FdI, and pyrolytic graphite 
‘edge’ electrodes, promoted by aminoglycosides, permits detailed voltammetric studies and preparation of oxidation 
states inaccessible by chemical titration. The [3Fe-4S] cluster exhibits pH dependent E, z values (30°C); E, z (alka- 
line)=460+ 10 mV vs NHE, -dE&d(pH)= 55 mV, pK=7.8. The [4Fe-4S] cluster is characterised by an unusually low 
reduction potential, -645t 10 mV YS NHE, at pH 8.3, with a slight pH dependence, -dE, z/d(pH) -25 mV over the 
pH range 8.5-7.0. No redox couple is observed at potentials between -300 and +600 mV vs NHE. This shows that 
the [4Fe-4S] cluster is not an HIPIP-type centre. The electron paramagnetic resonance spectrum, centred at g= I .93. of 
the product resulting from bulk electrolysis at -835 mV is assigned to a [4Fe-4S]+ cluster interacting magnetically with 
a reduced [3Fe-4S] cluster. 
Electrochemistry; Iron-sulfur cluster: Ferredoxin: (Azotobacter) 
1. INTRODUCTION 
Azotobacter contain a ferredoxin (FdI) which, 
when isolated aerobically from Azotobacter 
chroococcum [l] and Azotobacter vinelandii [2] 
contains two iron-sulphur clusters. One has a core 
structure [4Fe-4S] and the other comprises only 
three iron atoms [3]. In spite of extensive spec- 
troscopic and crystallographic data on A. vinelan- 
dii FdI, the structure of the three-iron cluster has 
been unclear. The original X-ray analysis [4,5] is 
now known to be in error. From independent 
determinations of the structure [6,7] it is agreed 
that the three-iron cluster has a core structure 
[3Fe-4S] and is ligated by three cysteine ligands, 
residues 8, 11 and 16. 
In a wider context, spectroscopic comparisons 
of oxidised forms of Azotobacter FdI, 
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Desulphovibrio gigas FdII, and the inactive form 
of beef heart aconitase, using Miissbauer ([ 1 l] and 
references therein), magnetic circular dichroism 
(MCD) [g-10] and resonance Raman [12] show 
that a similar core structure must be present in 
each. 
The redox properties of FdI have also been con- 
troversial. It was originally proposed that the four- 
iron cluster cycles between the oxidation states 
[4Fe-4S13+ and [4Fe-4S]‘+ [ 131. This view was 
shown to be erroneous by Morgan et al. [14] who 
produced evidence that oxidation of this cluster 
with K$e(CN)6 leads to the partial destruction of 
the cluster and the production of an unusual thiol 
radical. They further showed that, in the presence 
of sodium dithionite above pH 8.0, the protein can 
be partially reduced to an electron paramagnetic 
resonance (EPR) active state [ 151. This led them to 
propose that the cluster cycles [4Fe-4S]‘+/ 
[4Fe-4S]‘+ at a very low redox potential. The three- 
iron cluster undergoes one-electron reduction at a 
reported potential of - - 420 mV [13]. However, 
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recent MCD measurement on the three-iron cluster 
in A. chroococcum FdI has shown an interesting 
pH equilibrium between two forms of the reduced 
cluster, [3Fe-4S]’ [8,9]. This equilibrium is also 
present, apparently, in A. vinefandii FdI [16]. 
In this paper we describe new investigations, ex- 
ploiting direct (unmediated) electrochemical 
methods, of the [4Fe-4S] and [3Fe-4S] clusters of 
A. chroococcum FdI. In the presence of the 
aminoglycosides, tobramycin or neomycin, which 
promote direct interaction of the protein at 
pyrolytic graphite ‘edge’ (PGE) electrodes [ 17,181, 
A. chroococcum FdI gives fast heterogeneous elec- 
tron transfer. This has allowed simultaneous deter- 
mination, by cyclic voltammetry of the reduction 
potentials of both clusters in the protein, and has 
enabled us to study the pH dependence of these 
potentials over the range pH 6-9. Reduction of the 
three-iron cluster is linked to the process of proton 
uptake. Furthermore we have been able to carry 
out bulk electrolytic reduction of the protein at 
potentials much lower than the capability of 
sodium dithionite. 
2. MATERIALS AND METHODS 
Ferredoxin I was isolated from A. chroococcum by a 
modified literature procedure [2]. The protein used in this work 
had an absorbance index, &~/Azso, of 0.58. It gave a single 
band on silver-stained SDS polyacrylamide gels. Samples for 
electrochemistry were prepared by dialysis against the required 
buffer-electrolyte solution in an Amicon ultrafiltration unit us- 
ing a YM5 membrane. Concentrations were determined using 
~40,~ = 29.8 mM-’ .crn-’ [14]. All chemicals used were of at least 
Analar grade. 
Electrochemical measurements were made using an Oxford 
Electrodes potentiostat. DC cyclic voltammetry at various pH 
values was carried out with the protein solution, typically 
50-100 pM FdI, contained in a thermostatted all-glass cell 
(temperature 3°C) with a three-electrode configuration. The 
PGE electrode was polished between measurements with a 
0.3 pM alumina slurry and cleaned by sonication. Other details 
have been described [17,18]. Neomycin, tobramycin (each pur- 
chased from Sigma) or Cr(NH&+ were added as aliquots from 
concentrated stock solutions to promote electrochemical 
response of the protein. Adjustments of pH were made by small 
additions of concentrated NaOH or HCl to the sample solution 
which was buffered by a mixture of Pipes, Hepes and Taps 
(each 3.3 mM) in 0.1 M NaCl. Vigorous stirring by ‘microflea’ 
ensured rapid equilibrium. The resultant pH was measured with 
an Ml-410 pH electrode (Microelectrodes Inc.). 
Bulk electrolysis and confirmatory DC cyclic voltammetry 
were carried out using a capped, jacketed cell, capacity 
400-500~1, contained within an anaerobic glove box (0~ < 
1 ppm). The PGE working electrode formed the base of the cell 
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sample compartment into which was positioned a reference side 
arm (Luggin tip) and an auxiliary electrode side arm with elec- 
trical contact maintained via a porous glass frit. Efficient stirr- 
ing was achieved using a microflea. A full description of this 
apparatus will appear elsewhere. Following electrolysis, typical- 
ly at 3”C, samples were withdrawn by syringe and transferred 
to EPR tubes. 
EPR spectra were recorded on an X-band Bruker ER-2OOD 
spectrometer fitted with an Oxford Instrument ESR-900 flow 
cryostat. Spin integrations were performed using 1 mM Cu- 
EDTA as a standard. 
3. RESULTS AND DISCUSSION 
Fig.1 shows the cyclic voltammetry of A. 
chroococcum FdI in the presence of the 
aminoglycosides, tobramycin and neomycin. Well 
defined waves are observed. 
Couple ‘A’ is pH dependent, quasi-reversible 
and diffusion dominated (at least to 100 mV.s-‘) 
throughout. Use of Cr(NH& 3+ as a promoter 
enables the pH range of measurement to be extend- 
ed above pH 8.5. With a requirement in excess of 
5 mM, this is a much weaker promoter than the 
aminoglycosides for which 0.5-1.5 mM levels are 
adequate. Furthermore, the onset of Cr(NHs)i+ 
reduction below - 750 mV limits its utility. 
However, unlike tobramycin and neomycin which 
deprotonate and become ineffective above pH 8.5, 
Cr(NHr)a+ remains an active promoter at least up 
to pH 9.4. At pH 6.3 neomycin (but not 
tobramycin) was found to cause precipitation. 
The parameters obtained from fig.1 are 
E,(alkaline) = - 460 f 10 mV, AEp (scan rate 
10 mV.s-‘, pH 8.3) = 80 mV, dE, (acid)/d(pH) = 
- 55 mV (i.e. one H+ per electron) and pK = 7.8 + 
0.1. We assign ‘A’ to the dithionite-reducible 
[3Fe-4S] cluster. The relevant equilibria are 
therefore: 
[3Fe-4S]‘+ + e- = [3Fe-4S]’ (1) 
[3Fe-4S]’ + H’ = [3Fe-4S]’ . . . HC (2) 
The marked contrast between the MCD spectra 
from the alkaline and the acidic forms indicates 
that protonation occurs at the chromophore or is 
linked to cluster re-organisation [8,9]. 
Couple ‘B’ is of similar intensity to ‘A’ and is 
defined clearly at pH > 7.0. At pH 8.3, promotion 
by tobramycin or neomycin yields excellent quasi- 
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Fig.1. Cyclic voltammetry of A. chroococcum Fdl at pH 8.3 
(84 PM protein in 20 mM Taps, 0.10 M NaCl and 1.5 mM 
neomycin) and pH 6.3 (85 pM protein in 20 mM Pipes, 0.10 M 
NaCl and 1 mM tobramycin). Voltammograms were recorded 
at 3°C with scan rate 10 mV SC’. Shown at the centre is the pH 
dependence of E,> values, for which solid lines correspond to: 
(A) E,,(alkaline) = -460 mV, dE,:(acid)/d(pH) = -55 mV, 
pK,,d = 7.8; (B) E,,:(pH 8.3) = -645 mV, dE,,/d(pH) = 
-25 mV. The pH was varied by additions to the protein (in 
3.3 mM Pipes/3.3 mM HepesI3.3 mM Taps mixed buffer, 
0.10 M NaCl) of HCl or NaOH, with monitoring by an MI-410 
pH micro-electrode. Promoting conditions are: (A) neomycin, 
1-2 mM; (m) tobramycin, l-3 mM; (0) Cr(NHj)i+, 8 mM 
(for which the ‘B’ potential variation is indicated by closely 
spaced dots). Average E,: values for ‘C’ are given but their 
accuracy is limited by low amplitude at high pH and mergence 
with ‘B’ at low pH. 
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reversible waves, AEp (low scan rate limit) = 
55 mV, E, = -645 + 10 mV and dE,/d(pH) = 
-25 mV, which is diffusion dominated up to 
1 v.s-‘. Alternatively, use of Cr(NH&+ yields 
E!, = - 600 f 10 mV which is virtually indepen- 
dent of pH. This increase (cf. couple ‘A’) suggests 
binding of Cr(NH3)6 3+ close to the redox centre. 
Below pH 7.0 a quasi-reversible pH-dependent 
couple ‘C’ merges to interfere with ‘B’. At pH 8.3, 
this is a minor feature with Ejh = - 800 mV, yet 
upon acidification, anodic and cathodic waves are 
intensified. On prolonged scanning or reductive 
electrolysis ‘C’ disappears. The origins of this very 
low potential couple await further studies. One in- 
teresting possibility is that ‘C’ corresponds to 
reduction of a sulphur entity associated with the 
3Fe centre (see for example [19]). 
Anaerobic bulk reduction, at - 835 mV, of A. 
chroococcum FdI at pH 8.3 caused significant 
bleaching of the ferredoxin. Cyclic voltammetry of 
the product demonstrated full retention of couples 
‘A’ and ‘B’. The resulting X-band EPR spectrum 
(fig.2) is complex. We assign this signal to a re- 
duced (S = ti) [4Fe-4S]‘+ centre, and hence at- 
tribute couple ‘B’ to a [4Fe-4S]‘+*” cluster. The 
complex form of this spectrum closely resembles 
that observed from the reduced [4Fe-4S] cluster in 
the 7Fe ferredoxin from Thermus thermophilus 
[20]. Multiple-frequency EPR studies on the Ther- 
mus signal give changes which are consistent with 
spin-spin interactions of the [4Fe-4S]‘+ centre with 
the reduced (S = 2) three-iron cluster. The complex 
structure of the Azotobacter spectrum probably 
arises from a similar interaction. 
Spin integration of this signal yielded 0.79 k 
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Fig.2. X-band EPR spectrum of A. chroococcum FdI (84 ,uM 
protein in 20 mM Taps, 0.10 M NaCl, and 1.5 mM neomycin 
at pH 8.3) electrochemically reduced at - 835 mV. 
Temperature = 12 K, microwave power = 2 mW, microwave 
frequency = 9.40 GHz, modulation amplitude = 0.5 mT. 
Indicated on the spectrum are effective g-values. 
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0.10 spins per molecule, thereby indicating overall 
two-centre reduction by two electrons. For com- 
parison, integration of the current-time decay for 
the reduction (t,/, = 20 min) gave 2.03 electron 
equivalents. With allowance for oxidation during 
sample transfer to an EPR tube this is a most 
satisfactory result. 
In an analogous bulk reduction of a pH 6.3 solu- 
tion, at -795 mV, we collected an EPR sample 
after the passage of 1.70 electron equivalents. The 
EPR spectrum was similar but not identical to that 
from the alkaline protein and showed spin- 
coupling interactions. Double integration yielded 
0.57 + 0.10 spins per molecule indicating overall 
protein reduction by 1.59 equivalents. However, in 
view of the complex overlay of redox activities 
observed at this pH, a satisfactory assessment 
awaits further studies. 
Stephens et al. [15] have reported that dithionite 
reduction of A. vinelandii FdI at pH > 8.0 
generates a time-dependent mixture of low- 
intensity EPR signals. They interpret their data in 
terms of an initial partial reduction of the [4Fe-4S] 
centre, followed by spontaneous conversion of the 
three-iron cluster to a four-iron cluster to yield an 
8Fe Fd. The experiments presented here on A. 
chroococcum FdI show no time-dependent 
changes, the electrochemically reduced protein be- 
ing unchanged after 2 h at 3°C. In addition, the 
EPR spectrum assigned by Stephens et al. to the 
reduced [4Fe-4S] ‘+ cluster does not resemble that 
in fig.2. We are currently performing experiments 
designed to assess whether excess sodium 
dithionite may have a deleterious effect on 
Azotobacter ferredoxin. 
We have been unable to find any redox couple at 
high potentials, i.e. up to 600 mV. This rules out 
entirely the original idea for Azotobacter Fd that 
the four-iron cluster is of the HIPIP type 
([4Fe-4S] 3+,2+). On the contrary, our near quan- 
titative generation of [4Fe-4S]‘+ without protein 
degradation confirms that this cluster is of the 
[4Fe-4S12+“+ type, with an unusually low reduc- 
tion potential. We believe that -645 mV 
represents, by a considerable margin, the lowest 
potential determined directly for a biological iron- 
sulphur cluster. With direct electrochemical 
methods we are now in a position to explore with 
ease and precision the ‘high energy’ redox 
110 
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chemistry that may lie beyond the range of abiotic 
reagents. 
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